Weed control is an essential practice in crop management. However, the use of herbicides may not be effective in certain situations, such as when problems are encountered in the application technology and when tolerant individuals and resistant biotypes are observed. In the cotton producing areas of the state of Bahia, Brazil, Spermacoce verticillata (shrubby false buttonweed) is not effectively controlled during burndown applications. During different developmental stages, plants can modify their leaves' anatomical structures, which may influence herbicide control by modifying the retention, absorption, translocation and final effect of the chemical. This study assessed the morphological and histological differences in Spermacoce verticillata leaves at different stages of development. Leaves were collected from plants at different phenological stages (2-4 leaves, 4-6 leaves and flowering) and subjected to histological and scanning electron microscopy analyses. In the histological analysis, four leaves were collected from the upper nodes. The evaluated characteristics were the total leaf blade thickness, palisade and spongy parenchymal thicknesses, cuticle and epidermal cell thicknesses on the abaxial and adaxial surfaces and midrib height and width. Surface analyses were performed by observing the leaves under a scanning electron microscope. As the developmental stages of Spermacoce verticillata advanced, the plants began to show reduced leaf thickness due to the decreased abaxial epidermal thickness, transport vessel size and parenchymal thickness. At more advanced stages of development (4-6 leaves and flowering), the adaxial leaf surfaces showed fewer stomata and more trichomes.
Introduction
The Spermacoce genus represents more than 150 species distributed among the tropical and subtropical regions of the American continents. Among these species, the shrubby false buttonweed (Spermacoce verticillata [L.] ) is considered a rustic plant because it develops in acidic and poor soils (Kissmann and Groth, 2000) . This plant is native to Brazil, where it is widely distributed and infests pastures, unoccupied areas and perennial crops, and it was recently reported as a problem in Luiz Eduardo Magalhães, Bahia because it escaped herbicide control during crop desiccation operations (MCT, 2002; Toni and Mariath, 2004) . Per Caldeira et al. (2014) , the best chemical control option is 2,4-dichlorophenoxyacetic acid (2,4-D) + picloram. Another alternative to the herbicide glyphosate is to apply paraquat and paraquat + diuron to plants at full vegetative stages (Fontes, 2007) . Herbicides can be absorbed through shoots and underground structures, such as leaves, stems, roots and rhizomes. However, the herbicide's main route of entry into the plant is through the leaf (Silva et al., 2007) . The leaf presents structures that can create barriers to absorption, such as epicuticular waxes and trichomes, as well as anatomical modifications that can alter the herbicide's translocation (Vidal, 2002) . The leaf morphology regulates herbicide retention, while the leaf anatomy regulates the absorption rate of the active ingredient . Thus, leaf modifications can affect plant sensitivity to the herbicide (Ferreira et al., 2006) . Some plants, such as Lolium multiflorum (ryegrass), show leaf differences that modify glyphosate sensitivity, including changes in the mesophyll cell compaction and phloem/xylem ratio (Galvan et al., 2012) . Foliar absorption is a resistance mechanism to glyphosate in Sorghum halepense (Johnson grass) because it leads to higher leaf retention and lower absorption rates in less sensitive plants (Vila-Aiub et al., 2011) . Differences in herbicide absorption are also characteristic of tolerant plants (Cruz-Hipolito et al., 2011) . Certain characteristics, such as the presence of trichomes and epicuticular wax, can influence herbicide absorption (Hess and Falk, 1990; Baker, 1982) . The wax surface type influences the herbicide solution's wettability. Smooth waxfree surfaces are easily wet, whereas those with wax crystals are more difficult to wet (Hess, 1997) . Abutilon theophrasti plants subjected to increasing luminosity showed decreased total epicuticular wax content in the leaves and a subsequent increase in the absorption of herbicides, such as bentazon (Hatterman-Valenti et al., 2011) . The environment also modified the total fluazifop absorption by Setaria faberi plants. Plants subjected to low luminosity and water deficits presented lower rates of herbicide absorption mainly due to modifications in the epicuticular wax composition (Hatterman-Valenti et al., 2006) . The plant's developmental stage and leaf shape, orientation and specific area may also alter herbicide efficacy. The priorities for transporting photoassimilates in the plant also differ at different stages, which affect herbicide translocation (Hetherington et al., 1998; Johnson and Hoverstad, 2002; Silva et al., 2002) . In general, applications performed at the early stages of development result in greater control efficacy (Marques et al., 2012) . Studies of Urochloa decumbens and Urochloa plantaginea anatomy showed that adult plants presented higher percentages of sclerenchyma and parenchyma, which increase the difficulty of absorbing and transporting herbicides (Marques et al. 2012 ). In the case of Spermacoce verticillata, the causes of the control failures are unknown. To our knowledge, the literature does not include reports on the basic biology of the species, such as its leaf characterization, which may support targeted management (Passos and Mendonça, 2006) . This work analyzes the leaf anatomy of Spermacoce verticillata at different stages of vegetative development and relates the leaf anatomy to the plant's susceptibility to herbicide application.
Results and Discussion

Anatomical analysis
In Spermacoce verticillata, greater plant development was accompanied by smaller leaf thickness. An analysis of the cuticle on the adaxial leaf surface showed no differences in thickness at the stages evaluated; however, the abaxial face cuticle was thicker in the more advanced stages, in contrast to the observation for the total leaf thickness ( Table 1) . The cuticle thickness results showed little effect on the total leaf thickness (adaxial + abaxial) and accounted for an average of 0.06% of the total value ( Table 1 ). The adaxial epidermis presented no significant differences in thickness during the developmental stages; however, the abaxial epidermis showed decreased thickness with increased development, with reduced thickness observed in flowering plants compared with plants with 2-4 leaves. The epidermis in this case represented 31% of the total leaf thickness ( Table 1) . The adaxial surface cuticle maintained the same thickness throughout the plant's development; therefore, this factor may not be involved in the differences observed with herbicide application. However, to negate the cuticle's effect on species differences in herbicide susceptibility, the chemical components must be analyzed since these can change with the plant's developmental stage (Silva et al., 2002) . Importantly, differences in the cuticle and epidermal thicknesses on the plant's abaxial surfaces would have little impact on the herbicide's effects since herbicide retention in eudicot leaves generally occurs on the adaxial (upper) plant surface; in grasses, however, more herbicide can be retained on the abaxial surface because of their leaf orientation (Schott et al., 1991) . Physiologically, the leaf thickness is inversely proportional to the leaf area and proportional to the stomatal density. The observed increases in leaf area and decreases in stomatal density with advancing plant age may be related to mechanisms that increase transpiration (Boeger and Wisniewski, 2003) . However, differences in the abaxial surface cuticle (in this case, increased thickness) can prevent transpiration and balance the effect (Larcher, 2000) . A reduced leaf epidermal thickness can increase the plant's vulnerability to environmental factors, but Spermacoce verticillata presented greater leaf thicknesses at all stages analyzed compared with other weeds, including Galinsoga parviflora, Conyza bonariensis and Ipomoea cairica . Data on the transport vessels showed that in later stages of development, Spermacoce verticillata presented lower vessel width and height, thus resulting in transport vessels with smaller diameters as the plant's development advanced. This decrease is corroborated by the lower thicknesses of the palisade, spongy parenchyma and lower leaf. Lower-diameter vessels translocate less herbicide ( Table 2 ). The palisade parenchyma consists of several cell extracts that respond to changes in light intensity. Fewer palisade parenchymal extracts in the more advanced developmental stages accompanied increases in leaf area, thus contributing to a reduction of leaf thickness. This compensatory mechanism may explain the reductions in the spongy parenchyma and the possible greater plant transpiration since the reduction in intercellular space reduces the CO 2 available for photosynthesis (Fahn, 1990) . Compaction of cell spaces may decrease the herbicide translocation rate, as previously observed in Lolium multiflorum and Brassica juncea with the use of the glyphosate herbicide (Galvan et al., 2012; Huangfu et al. 2009 ). With advancing stages of development, Spermacoce verticillata showed fewer stomata on both leaf surfaces (adaxial and abaxial), which indicates that this plant is an amphistomatic species because it has stomata on both sides of the leaf surface, as is common among weed species (Machado et al., 2008; Procópio et al., 2003; Ferreira et al., 2002) . The stomatal index for both leaf surfaces was reduced in the developmental stages when the plant had 4-6 leaves and in flowering plants. The number of trichomes on the adaxial surface increased as the developmental stages advanced and varied at the abaxial surface, and it was highest in the intermediate stage of development and lowest in the initial stage (Table 3 ). The stomata density is related to the leaves' photosynthetic capacity since a greater number of stomata per area correspond to a lower resistance to gas diffusion. Thus, the lower stomatal density observed in both Spermacoce verticillata leaf surfaces with increasing plant age may lead to lower photosynthetic rates. This difference can be compensated for by a higher number of leaves per plant as well as a greater leaf size (Lima Junior et al., 2006) . The stomatal index is generally higher when the plant is under higher light intensity (Lima Junior et al., 2006) . Because Spermacoce verticillata is a weed, it commonly adapts by displaying greater stomatal density in its initial stages to compete with other species during its development, whereas it will show a reduced number of stomata in the later stages because it is subjected to lower light intensity. This strategy is corroborated by the fact that plants that are more adapted to stress would theoretically have a higher sap transport capacity and a reduced transport vessel size in more advanced stages (Alves and AndyalossyAffonso, 2000) . Trichomes can impair the control effect of herbicides by intercepting the spray droplets and causing them to adhere (Hess and Falk, 1990; Procópio et al., 2003; Galvani et al. Fig 1. General appearance of the adaxial leaf surface of Spermacoce verticillata at the 4-6-leaf stage under scanning electron microscopy. T, trichomes; S, stomata; C, subsidiary cells; P, papillae. Coefficient of variation. Means followed by the same letter in the column do not differ from each other by Tukey's test at 5% probability. ** Significant at 1% probability 2012). The relationship between the number of stomata and trichomes and the ease of absorbing herbicides is poorly understood. Certain authors have argued that more stomata may increase the product's efficacy; however, herbicide absorption is conducted not by these structures but rather in the intercellular spaces of these structures (Greene and Bulkovac, 1974; Santos et al., 2009; Barroso et al., 2015) . For the herbicide to penetrate the stomata, it must break the surface tension of the droplet, in which case, adding organosilicon surfactants to the spray solution is recommended (Ferreira et al., 2012; Procópio et al., 2003) . Moreover, a reduced amount of cuticle exists in the guard cells of the stomata, which may facilitate herbicide absorption (Schonherr, 2006) . The leaf's anatomical structures can influence the deposition, retention, absorption and translocation of solutions applied to the leaves and function as barriers, thus leading to increased or decreased susceptibility to herbicide control. However, as the stages of development advance in Spermacoce verticillata, the plant showed reduced leaf thickness, which reduced the thickness of its abaxial epidermis, transport vessels and photosynthetic cells as well as the number of stomata, and these characteristics are likely unrelated to control failures. Moreover, plants in more advanced developmental stages presented more trichomes on their adaxial surfaces, which is the surface with the most contact with the herbicide spray droplets, and these structures may represent a barrier to absorbing certain products, as previously observed by other authors .
A B
Scanning electron microscopy
The foliar absorption rates and, hence, the biological efficacy of pesticide applications depend largely on the structures found in leaves and the permeability of crop and weed cuticles (Baker, 1982) .
Spermacoce verticillata leaves present low epicuticular wax thicknesses, as seen in Figure 1 . The stomata of this species, which are amphistomatic, are of the paracytic type, with two subsidiary cells parallel to the guard cells, and they have a reticulated distribution pattern common in eudicots. The epidermal cells contain papillae that may converge light rays into the mesophyll, which represents an adaptive mechanism to aid photosynthesis and is a common feature in the Rubiaceae family (Pereira et al., 2003) . The unicellular, tector-type trichomes were spread over the abaxial and adaxial leaf blade surfaces, with a row of trichomes on both sides of the midrib (Figure 2 ). Ricotta and Masiunas (1992) evaluated 14 tomato genotypes and obtained an inverse correlation between the acifluorfen activity in the genotype and the number of trichomes (with a higher number of trichomes corresponding to a lower activity). Histological analyses showed that as the plant development stages advanced, the number of stomata decreased ( Figure  3 ) while the number of trichomes increased (Figure 4) . Procópio et al. (2003) observed that the main leaf barrier to herbicide penetration in Galinsoga parviflora was the low stomatal density on the adaxial surface, while for Crotalaria incana, the main barrier to herbicide penetration was the large amount of epicuticular wax. For Conyza bonariensis, the high trichome density, high cuticle thickness on the adaxial surface and low stomatal density were the main barriers to herbicide penetration. In Ipomoea cairica, the high cuticle thickness on the adaxial surface and the low stomatal density were possible obstacles to herbicide penetration applied postemergence.
Materials and Methods
Plant material
Spermacoce verticillata (shrubby false buttonweed) seeds were collected in producing regions in Luís Eduardo Magalhães, Bahia State (BA), Brazil and placed in plastic germination boxes (Gerbox) containing two sheets of paper. The boxes were placed in a germination chamber with a 12 h/12 h light-dark photoperiod at 26°C. Seedlings in the initial phase (first pair of true leaves) were transplanted into 3-L pots containing a mix of Tropstrato® Brazilian commercial substrate (pine bark, peat and expanded vermiculite, enriched with macro-and micronutrients) + soil in a 1:1 ratio. The pots were kept in the greenhouse until the experiment began. Three phenological stages were evaluated: a) plants with 2-4 fully expanded leaves, b) plants with 4-6 fully expanded leaves and c) flowering plants. For each stage, four leaves were collected from the two most apical nodes. For each pair of leaves, one was used to prepare slides for counting stomata and normal epidermal cells and scanning electron microscopy analyses, and the second leaf was used to prepare histological slides to measure the other parameters. For each individual plant, two leaves were analyzed from different regions.
Anatomical analyses
All collected leaves were fixed in Karnovsky's solution (Karnovsky 1965, modified with the use of phosphate buffer, pH 7.2) and vacuum pumped to remove the air in the tissues for later structural analyses. To prepare the permanent histological slides, certain samples were dehydrated in an ethanol series and embedded in historesin (Leica Historesin®) per the manufacturer's instructions. The obtained blocks were sectioned at a thickness of 5 μm on a manual rotary microtome (Leica®) with type C blades. Sections were stained with 0.05% toluidine blue (Sakai, 1973) in phosphate and citrate buffer (pH 4.5) and mounted on Entellan® synthetic resin (Merck®).
To characterize the epidermal cells in the frontal view and count the stomata, normal epidermal cells and trichomes, the epidermis was broken down in a solution of ethanol, glacial acetic acid and glycerin (at a concentration of 3:1:1) (Johansen, 1940) . The fragments were stained with 1% safranin in water (Bukatsch, 1972) and mounted on glycerin for subsequent image capture.
The following parameters were obtained from cross-sections of the leaf blade: cuticle thickness of the adaxial and abaxial surfaces, epidermal cell thickness on both surfaces, total leaf blade thickness, palisade and spongy parenchymal thicknesses and midrib height and width. For each parameter, five measures/counts were performed. ImageJ (Rasband, 2006) and Image-Pro Plus software were used for the measurements and counts. The results were documented by capturing images of the slides using a Leica® DFC310Fx video camera coupled to a Leica® DM LB microscope using LAS 4.0 software. Observations of each parameter were repeated five times on two leaves for every five individuals, totaling 50 replicates per stage. The data were subjected to an analysis of variance, and when significant, the means were compared by Tukey's test at 5% probability.
Scanning electron microscopy
Leaf surface analyses were performed with samples previously fixed in Karnovsky's solution (Karnovsky, 1965 -modified using phosphate buffer, pH 7.2), dehydrated in a graded ethanol series to absolute ethanol, subjected to CO 2 critical-point drying (Horridge and Tamm 1969) in a CPD 030 Balzers apparatus, mounted on aluminum stubs and coated with a gold layer of 30 to 40 nm using an SCD 050 Balzers sputter coater. Electromicrographs with the scales directly printed on them were taken using an LEO scanning electron microscope (model VP 435 operated at 20 kV) at the Research Center in Electronic Microscopy Applied to Agriculture (NAP/MEPA) of the Luiz de Queiroz College of Agriculture (Escola Superior de Agricultura "Luiz de Queiroz" -ESALQ) at the University of São Paulo (USP) and evaluated by observing the electromicrographs.
Conclusion
As Spermacoce verticillata's developmental stages advanced, the plants showed reduced leaf thickness due to reduced abaxial epidermal thickness, transport vessel size and parenchymal thickness. In more advanced stages of development, the leaves' adaxial surfaces showed fewer stomata and more trichomes.
